Abstract. We propose new method for the reduction of blocking artifacts present in low bit-rate coded images. This algorithm performs the deblocking operation in two modes that are determined by the number of edge pixels around the block boundary. The number of edge pixels is calculated by applying the Roberts edge filter. An appropriate filtering operation is performed for each mode in both the horizontal and vertical directions. First, when the mode is associated with a smooth region, a strong filtering operation is applied because flat regions are more sensitive to the human visual system. In the second mode, an adaptive low-pass filter that is based on pixel behavior around the block boundaries is applied. This filter reduces the blocking artifact without introducing undesired blurring effects, while the original image edge is preserved. Although the proposed approach is simple and operates in the spatial domain, experimental results show that it improves both the subjective and objective qualities of the coded image with various features. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Image compression and coding play key roles in the field of visual communication to overcome the bandwidth limitation of communication medium and storage space. Blockcoded discrete cosine transform (BDCT) has been widely used for image-coding standards, such as JPEG for still images, MPEG (Refs. 1-3) for moving pictures, and H.26x for video phones and teleconference, because much energy is packed into the smallest number of transformed coefficients and these coefficients are decorrelated with each other. One major drawback of BDCT is the visible degradation on an image coded at a low bit rate because the interblock correlation is lost due to transformation and quantization. This annoying degradation is visible in the block boundary and referred to as the blocking artifact. The nature of the artifact may differ depending on the pixel characteristics of the original image. 4 In the monotone region, the artifact-termed grid noise arises as false edges along the vertical and horizontal directions. Staircase noise occurs in regions with strong distinguishable edges. The high-frequency coefficients associated with the strong edge components may not be represented adequately during transformation and quantization. Furthermore, the continuity of the strong edge in the coded image cannot be guaranteed, because each block is processed individually. Thus, the uniform edge in the original image becomes visible as an irregular appearance in the reconstructed image. Textured noise also appears in textured regions, such as a collection of randomly oriented edges. Postprocessing is an effective solution to improve image quality before it is displayed, because it can be implemented without any change in existing coding standards. Numerous postprocess-0091-3286/2011/$25.00 C 2011 SPIE ing techniques have been proposed to reduce such blocking artifacts.
Fundamentally, they are classified into two categories, iterative and noniterative. The theory of projection onto convex sets (POCS) is the basis for the iterative scheme. Zakhor 5 first applied the theory of POCS to reduce the blocking artifact. In this method, two different convex sets of band-limited images and images with a block of coefficients lying under the specific quantization intervals are defined. Now, iterative procedures are applied on the image that it may lie within the intersection of these two defined convex sets. Each iteration consists of two steps. A low-pass filter is applied in the first step. The image is divided into N ×N blocks, and the DCT of each block is taken in the second step. Then, these DCT coefficients outside their quantization interval are projected onto their appropriate levels. If we want the deblocked image to satisfy several properties, then we must define several convex sets. The desired deblocked image can then be found after several projection iterations, because convergence of projection is not guaranteed in a single iteration and each of the iteration consists of low-pass filtering together with DCT and inverse discrete cosine transform (IDCT) operations. The iterative-based approach yields a solution with a heavy computational burden. Thus, it may not be the appropriate solution in real-time image and video processing, even though the result is good. Spatially adaptive low pass filters are used in the noniterative approach. These are relatively simple to implement and fast. However, real edges are unnecessarily blurred at the block boundaries. An algorithm 6 applies weighted sums on pixel quartets that are symmetrically aligned with respect to block boundaries. The weights are obtained from a two-dimensional function obeying predefined constraints. This algorithm gives a good result in the subjective and objective quality. However, it is based on an iterative algorithm with heavy computational cost. Reference 7 is based on edge statistics residing across the neighboring blocks. First, the block discontinuity is analyzed statistically, and the discontinuity is approximated and filtered by controlling the filter strength according to the block contents. References 8 and 9 try to reduce the blocking artifacts in different filtering modes, and the filter mode is determined in terms of activity across block boundaries. In the former algorithm, filtering is done in three different modes: smooth, complex and intermediate. This gives a good result in a smooth region. However, the real edge is unnecessarily blurred in a complex region. In the latter algorithm, filtering is performed in two different modes, the smooth region mode and default mode. In Ref. 10 an adaptive approach is proposed that performs blocking artifact reduction in both the DCT and spatial domains. It handles coefficients in both pixel and DCT domain while in Refs. 11, 12, and 13 operations are performed only in DCT domain. A given input image must be transformed to the DCT domain 14 and again back to image space. References 15 and 16 suggest the use of a rational filter for deblocking. The ratio of polynomials is used to determine the weight of these filters, and they are adapted according to local characteristics. In Ref. 17 artifact is classified into two types, namely blocking artifact and ringing artifact. Blocking artifacts are reduced using 1-D low pass filter while 2-D low pass filter is proposed for the reduction of ringing artifacts. Reference 18 is based on the shape-adaptive DCT, together with anisotropic local polynomial approximation intersection of confidence interval (LPA-ICI). LPA-ICI provides a set of directional adaptive neighborhoods for each point in the image. The window size of the corresponding neighborhood defines the shape of the transform window pointwise, and signals being located within this neighborhood are identical in nature. LPA-ICI is based on the convolution and is the fastest pointwise adaptive method for robust anisotropic filtering. Shape-adaptive (SA) DCT (SA-DCT) is performed on the arbitrarily shaped region for each one of these neighborhoods. The hard-threshold SA-DCT coefficients are used to construct a local estimate of the signal within the adaptive shape support. Data are represented sparsely in the transform domain using the adaptive neighborhoods as support for SA-DCT. This allows the effective separation of the signal from noise. This method to reduce blocking artifacts is more accurate and allows the adaptation of the finest structure in the image. Thus, this algorithm has gained superiority in both the subjective and objective image quality. However, the algorithm goes though the complex masking operations of LPA-ICI and several iterations of DCT transformation, together with thresholding and Weiner filter operations in the DCT domain. These operations lead to huge computational complexity. Therefore, this method may be inappropriate for low-speed devices. Reference 19 presents the idea of postfiltering of shifted image blocks in the DCT domain. Figure 1 shows the centered original unshifted block x(m, n) in the spatial domain. This is presented as X (u, v) in the DCT domain. The filtered coefficient X (u, v) is given by
where,
In Eqs. (1) and (2), w(k, l) gives the weight of neighboring coefficients and it is defined as 3 for k, l = 0 and 1 otherwise; whereas, conversely, h is defined as 2 with a mask size of 5×5 for smooth blocks and 1 (mask size = 3×3) for edge blocks. The deblocked image block is obtained by the inverse DCT of the filtered DCT coefficient, as shown in
An improved version of this algorithm has been proposed by Zhai et al. 20 All operations are performed in the pixel domain to reduce the complexity. The shifting range of windows is expanded to a range of [−4 to 4] with the mask size of 9×9. The similarity measure between the central and shifted blocks is performed based on Mean square error (MSE). Isotropic square-shaped masks are taken to suppress the artifact in the complex region in both approaches. Thus, edge details residing in the image will be sufficiently blurred. Zhai et al. 20 proposed the blockwise shape-adaptive filtering method to overcome this problem. In this method, the similarity between the center block and shifted block is measured, and the shifted block with the property similar to the center block is selected for filtering. In this approach, the window size is maintained to 9×9 (i.e., h = 4). Mean absolute error (MAE) is employed to measure the similarity between the center and shifted blocks. Finally, we present a new algorithm that reduces the blocking artifact with consideration of preserving of the original edge and computational cost. In this work, we first read the edge statistics of the image. The deblocking filter is applied based on the records corresponding to the edge. Finally, the proposed algorithm is compared to baseline approaches in terms of subjective and objective quality metrics. The main advantages of the proposed algorithm are as follows:
1. Noniterative approach for the reduction of blocking artifact, leading to low complexity design 2. Estimation and reduction of blocking artifact without a requirement of prior information of the original image 3. Unnecessary artifacts removed while the original image content is preserved 4. Filtering operation selected according to the edge information 5. Results comparable to the baseline approach, in terms of subjective, as well as objective, quality
Background
The basic steps involved in JPEG image coding are summarized as follows. Image compression and coding are performed in four sequential steps: subimage construction, forward DCT computation, quantization, and variable code assignment. First, the original image is subdivided into blocks with size of 8×8 pixels. Each block is then transformed into the frequency domain using the DCT. Let B(i, j) be a block of size 8×8; then, the corresponding block of transformed coefficients T (u, v) is given by,
for u, v = 0, 1, 2, . . . , N − 1, where g(i, j, u, v) is the forward transformation kernel. This is given by
The value of N is set to 8, because the block size is 8×8. The transformed coefficients in 8×8 blocks are quantized after the DCT operation (i.e., each coefficient is divided by the corresponding quantization parameter and the quantized coefficients are rounded to the nearest integer). These rounded and quantized coefficients are aligned in zigzag order and entropy coded by the symbol encoder, as shown in Fig. 2(a) ,
Input image for u, v = 0, 1, 2, . . . , N − 1, where h(i, j, u, v) is the inverse transformation kernel. This is given by 
Construct nxn subimages
h(i, j, u, v) = α(u)α(v) cos (2i + 1)uπ 2N × cos (2 j + 1)vπ 2N .(8)
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(a) (b) Now, each block of an image is reconstructed by the weighted sum of the DCT coefficients that corresponds to the specific spatial frequency contribution.
Proposed Method
The proposed algorithm attempts to reduce the blocking artifact by studying the pixel behavior around the block boundaries of each region.
Overview of Proposed Algorithm
The proposed algorithm performs the deblocking operation on the reconstructed image in two separate modes namely, the smooth and complex mode. A mode-decision algorithm is applied accordingly to observe the nature of pixel activity around the block boundary, before performing any deblocking operations. The observation illustrates the characteristics of affected local regions by the blocking artifact. The appropriate type of filtering operation will be selected for each region based on the information gathered. Strong filtering is suggested to be applied in the flat area of the block boundary, whereas the adaptive filter is to be applied in the complex region. Statistical behavior of edge pixels around the block boundary is analyzed, then the filter appropriate for this region is applied to preserve the original details, because the complex region consists of edge pixels. This algorithm consists of the following four major functional steps:
1. Edge detection with Roberts mask 2. Filter mode selection based on the number of edge pixels in each region 3. Unnecessary artifacts removed, while the original image content is preserved 4. Offset-based strong filtering in the smooth region 5. Variation-based adaptive filtering in the complex region
Edge Detection and Mode Selection
Let I be an image of size R×C, where R and C represent the number of rows and columns of the image, respectively. The given image is divided into 8×8 nonoverlapping blocks. For simplicity, the deblocking operation is explained only for the horizontal direction first. Let B 1 and B 2 be two adjacent blocks. A new block B is constructed by taking the right half of block B 1 and the left half of block B 2 , as shown in Fig. 3 . First, edge information around the block boundary is studied, because the proposed algorithm is based on the edge information. The edge is a set of connected pixels that lie on the boundary between two regions with relatively distinct gray levels. Edge components present in any image can be detected by the computation of derivatives or the gradients. The common method used for the computation of gradient is the Roberts operator. The Roberts operator can be defined by two kernels, M h (i, j) for horizontal direction and M v (i, j) for the vertical direction. Horizontal and vertical gradient im- ages G h (i, j) and G v (i, j) are obtained by linear convolution of the given image with Roberts kernels as
Appropriate pixels are selected as edge pixels if they satisfy the edge magnitude consistency. In Fig. 4 , we compare the gradient pixel G(i, j) to a threshold value T and the pixel is selected as an edge pixel if it is greater than or equal to T .
The numbers of edge pixels on either side of the block are counted by edge counters C 1 and C 2 . C 1 represents the number of edge pixels in block B 1 , and C 2 represents that for block B 2 . The computation of C 1 and C 2 are given as follows:
where
The smoothing operation is the major operation performed for the reduction-of-blocking artifact. Different types of smoothing operations are performed on each block based on the nature of the pixel activity inside the block. The nature of the smoothing operation is determined according to the number of edge pixels C 1 and C 2 residing across the block boundaries. If both sides of block B contain edge pixels less than a certain threshold value T 1 , then this region is assumed as the "smooth region."
Smooth Region Filtering
The blocking artifact is more visible in the smooth region, as a false edge along vertical and horizontal directions. The human eye is more sensitive to such discontinuities; thus, the deblocking filter is designed to improve the visual image quality. The pixel intensity is abruptly changed in this region. Figure 5 (a) shows how this can be modeled. A simple offsetbased filter is used to reduce such artifacts. Figure 5(b) shows coefficients of the filter.
Six pixels are updated across block boundaries. Suppression of artifacts in the smooth region is performed with the offset-based filter, as in Refs. 7 and 8. First, offset is determined by taking the absolute difference between two pixels p 3 and p 4 across the block boundary. Pixels are updated based on the offset values and filter coefficients, because this offset significantly influences the blocking effect. The value of filter coefficients are adjusted as h = [0, 1/8, 1/4, 1/2, −1/2, −1/4, −1/8, 0], shown in Fig. 5(b) . Steps involved in filtering on the horizontal direction are shown as follows:
Here, P i, j gives the filtered pixels from the original pixels p i, j . The block boundary may also contain the original edge. The smoothing operation is performed only if is less than the value of the quantization parameter Q/3, which ranges from 50 to 110 in our simulation, to preserve the original edge from the unnecessary blurring effect. This is due to the offset related to the blocking artifact being smaller than the quantization parameter. Newly computed pixels are adjusted between the values of 0 and 255. The smoothing operation in the vertical direction can be done in the same way as in the horizontal direction. Here, the computation is performed in the vertical direction.
Filtering in Complex Region
The task after the deblocking operation in the smooth region is to reduce the presence of the artifact in the complex region. Any region in the image is identified as a complex region, if either side of the block boundary consists of edge pixels greater than threshold value T 1 . The statistical behavior of the edge pixels is analyzed first. Then, an appropriate filter is applied to preserve the original edge from unnecessary blurring and enhance details. Regions containing strong edges suffer from corner outlier and staircase noise, because the noise produced in the complex region varies according to pixel characteristics in the original image. Conversely, regions with a random distribution of pixel intensities suffer from textured noise. The filter designed for a corner outlier may not give a good result for textured noise and vice versa.
Therefore, an adaptive low-pass filter is designed to consider preservation of the original edge content and to enhance details of the original image. A low-pass filter of 3×3 window size is applied. Pixels around the block boundary are filtered with the minimal lose of original detail with the application of this filter. The filter specifications are as follows. First, the mask coefficients are obtained. The filter coefficients are selected in such a way that it would retain its high value, when the difference between the pixels is low and vice versa. An exponential function is applied to compute the filter coefficients to achieve this property. Let p i, j be the pixel to be filtered and S k,l represent the mask coefficient. Dissimilarity between pixels within the region of 3×3 is determined before the computation of filter coefficients. The variation of pixels d i, j is given by
Now, the filter coefficient is computed by
where K is the constant value and is determined experimentally. Its value is set to 30 in our experiment.
where, L is a constant and its value is assigned to be 33, because this filter is more sensitive to preserve the original edge of the image. The filter coefficient S k,l is set to zero, if the deviation of pixels is above or equal to the threshold value, as given in Eq. (19) . The threshold value is set according to the JPEG quality factor (Q f ). It lies between 0 and 100 and, particularly in the proposed algorithm, it is taken as 10, 8, and 6 for images coded using quantization (Tables 1-3 ). The newly computed pixels are adjusted between the range of 0 and 255. Finally, the filtered pixel P i, j will be computed by the weighted average of the neighboring pixels.
Experimental Results
Some experimental results of the proposed algorithm are presented here. Experiments were performed on 512×512 JPEG coded images of different frequency classes. Threshold values were set to T = 35 and T 1 = 1 for images coded by quantization Tables 1 and 2 , while T = 67 and T 1 = 1 for the images coded by quantization Table 3 . The performance of the proposed algorithm is evaluated in both objective and subjective qualities. Peak signal-to-noise ratio (PSNR) is used to measure the objective quality defined as PSNR = 20 log 10 255 where, MSE is the averaged mean-square error between the original image and the filtered image. Two different experiments are performed separately. First, the coded image is processed by only the low-pass adaptive filter. Second, the combination of both adaptive and offset filters is applied. Table 4 shows PSNR values of coded images (Figs. 6-10) and filtered images corresponding to the quantization tables. We compared the subjective and objective results of this algorithm to the JPEG coded image and with the output of algorithm proposed by Chen et al., 8 Zhai et al., 21 and Foi et al. 18 to evaluate the performance of the proposed algorithm. Figure 6 shows the Lena image obtained after the filtering operation by the proposed algorithm and the algorithm of Chen et al., 8 with the images coded by quantization values in Table 2 . Similarly, Fig. 7 shows the 512×512 Barbara image obtained after deblocking by the proposed algorithm and the algorithm of Chen et al., 8 Zhai et al., 21 and Foi's et al. 18 algorithm. The proposed algorithm outperforms the two baseline algorithms in objective quality, except Ref. 7 , because the 1-D offset-based filter is applied in the smooth region so that the suppression of artifacts can be achieved at low computational cost. The visual quality of the output image with Ref. 8 and the proposed algorithm are almost the same, and Ref. 21 gives a good result in the smooth region. However, it fails to reduce artifacts in the complex region. Meanwhile Ref. 7 has been able to reduce the artifact, while preserving the edge details.
Complexity Analysis
In this section, we analyze the complexity of the proposed algorithm with that of the scheme of Refs. 8 and 21. Table 5 provides the number of mathematical operations required to execute different functions employed for each newly constructed block. Table 5 shows the total number of additions and subtractions is greater than that of the algorithm of Chen et al. 8 However, the number of multiplications and divisions in the Chen et al. 8 algorithm is greater than that of the proposed algorithm. This indicates that the proposed method gives better reconstruction quality compared to method of Refs. 8 and 21 at minimal computational cost. Here, n 2 gives the block size, while N 2 gives the image size.
Conclusions
This paper presented a new class of algorithm for the reduction of blocking artifacts in low bit-rate coded images. Because the algorithm works by properly analyzing the pixel statistics and applying the filter appropriate for pixels of different class. It is aimed to reduce the blocking artifacts preserving the original edge details. The experimental results have shown that this algorithm has satisfactory performance on a wide variety of images. Because of its noniterative and low-complexity property, it can be applied for the postprocessing of real-time images and video sequences coded in low bit rate with minimal requirement of computational cost. Moreover, with the application of an adaptive postprocessing filter for critical regions of image, it has provided good results in both subjective and objective quality metrics.
